Abstract. The spatial dispersion of individuals across multiple spatial scales can significantly influence biodiversity patterns. Here we characterize the dispersion of corals in reef assemblages distributed across a 10 000-km longitudinal biodiversity gradient from Indonesia to the Society Islands, using a multiscale sampling design. Our results indicate that most coral species were aggregated among 10-m transect samples across this vast distance. Using observed and randomized species sampling curves, we show that aggregation reduced the number of species per transect, site, and island sample on average by 13-27%. Across site, island, and regional scales, aggregation also reduced the area under species sampling curves by an average of 2.7-6.5%. The level of aggregation was relatively constant across spatial scales within regions and did not vary among habitats. However, there was significant variation among regions using transect samples across individual sites. Specifically, aggregation reduced the species richness per transect and the area under species sampling curves nearly twice as much in the Indonesian biodiversity hotspot than in the Society Islands. As a significant component of the spatial structure of coral assemblages, aggregation should be integrated into our understanding of coral community dynamics and the development of conservation strategies designed to protect these communities.
INTRODUCTION
Understanding the spatial structure of ecological assemblages is fundamental to biodiversity studies and the development of strategies designed to conserve biodiversity. Individual species vary in several attributes influencing their abundance and distribution patterns (e.g., fecundity, longevity, distributional limits, habitat and species associations, and dispersal capabilities), and these patterns change across local, regional, and biogeographic scales. Likewise, multispecies assemblages vary in structure at different spatial scales as a consequence of many geographical, evolutionary, and ecological processes (Myers and Giller 1988 , Levin 1992 , Ricklefs and Schluter 1993 , Giller et al. 1994 , Karlson 1999 . Thus, characterizing and understanding spatial structure across multiple scales is an important yet challenging objective.
Here we examine the spatial structure of species-rich coral assemblages occurring across a 10 000-km biodiversity gradient in the Indo-Pacific (Karlson et al. 2004 , Connolly et al. 2005 . In particular, we assess the effects of spatial aggregation on species richness at multiple spatial scales. When individuals of some species are aggregated, they occur in fewer samples than expected under random dispersion, thereby depressing estimates of richness and community similarity (He and Legendre 2002 , Plotkin and Muller-Landau 2002 , Green and Ostling 2003 , Veech et al. 2003 . The magnitude and scale of this depression needs to be assessed, because it can potentially affect community attributes inferred from species richness estimates (e.g., species-area relationships, local-regional species richness relationships, and the degree of species overlap among samples [Coleman et al. 1982, Plotkin and Muller-Landau 2002] ).
In the species-rich tropics, the best studies of spatial aggregation have been conducted in forests (He et al. 1997 , Condit et al. 1996 , 2000 , Plotkin et al. 2000 . In a 50-ha plot in the Pasoh forest of Malaysia, He et al. (1997) found 599 predominantly common species to be aggregated, 145 mostly rare species to be randomly dispersed, and only one species to be uniformly dispersed. Within six, fully mapped tropical forests including the Pasoh forest, Condit et al. (2000) determined that dispersion patterns in each forest were quite similar. Among 1768 species with at least one tree per hectare, 1490 species (84%) were significantly aggregated at the 0-10 m scale.
Nonrandom dispersion has also been found in coral assemblages, but there are few fully mapped plots larger than a few square meters (see Reinicke et al. [2003] Lewis 1970 , Carlon and Olson 1993 , Zilberberg and Edmunds 2001 than on the quantification of spatial dispersion across larger scales. Thus no broad generalizations regarding dispersion in corals have been possible to date. Early reports on a few species at local spatial scales found aggregated (Lewis 1970 , Dana 1976 , random (Stimson 1974 , Dana 1976 , and even uniform dispersion (Stimson 1974 ). Here we examine species-level spatial patterns in the highly diverse Indo-Pacific coral fauna (see Plate 1). We determine how dispersion varies across multiple spatial scales and how it influences species richness patterns. We show that most corals are aggregated, thereby depressing species richness across regional, island, and site scales. In addition, we document some unexpected scale invariance in the degree of aggregation observed within regions.
METHODS
We quantified spatial dispersion in coral assemblages sampled along 1800, 10-m line transects on 15 IndoPacific islands in five regions (Indonesia, Papua New Guinea, the Solomon Islands, American Samoa, and the Society Islands of French Polynesia). We sampled four sites on each island and three habitats per site (reef flats, crests, and slopes). In each habitat, 10 replicate 10-m transects were sampled within a small area (;200-300 m 2 ) that was relatively homogeneous with respect to habitat structure and species composition. In total, 333 coral species were identified and measured among .41 000 sampled colonies. We used two methods to assess coral dispersion patterns. At the broadest scale, we quantified species-specific dispersion among all transects across the five regions. This characterized the combined effects of factors operating at multiple scales: regional endemism, habitat specialization, site-specific affinities due to environmental factors, and some life history attributes (see Introduction). We then quantified assemblage-wide dispersion at regional, island, and site scales of analysis using species sampling curves and randomization methods (Gotelli and Colwell 2001) .
To assess species-specific dispersion, we used I D , Morisita's index of dispersion (Southwood and Henderson 2000) , and standard v 2 tests. Because there were so many tests, we corrected the rejection levels using the sequential Bonferroni procedure, where the test criterion for the ith species is P i (1 À (1 À a) [1/(1þkÀi)] ), where a ¼ 0.05 and k ¼ 333 tests (Rice 1989) . For brevity, we did not assess species-specific dispersion within each region, island, or site. Such an effort would require up to 21 645 tests (333 species 3 [5 regions þ 15 islands þ 45 sites]) and generate much more detail than required here.
Species sampling curves were generated by plotting the cumulative number of species (S ob ) against the cumulative number of colonies (X ) averaged over 100 replicate randomizations of sample order. These curves are referred to in the literature as smoothed speciesindividual curves or species accumulation curves (Gotelli and Colwell 2001) . To remove the effect of aggregation, randomized species sampling curves (S r ) were generated in which colonies were randomly assigned to samples. The number of colonies per sample remained unchanged in each of 100 randomizations of sample order, and colony sampling occurred without replacement. By sampling without replacement, the two sampling curves are constrained to converge when all colonies in all samples are used to determine cumulative species richness. In the absence of aggregation, the two curves are identical. When aggregation is present, most of the observed sampling curve falls below the randomized sampling curve (i.e., species richness is depressed).
Two geometric attributes of the species sampling curves were used to quantify the aggregation of corals, the relative difference in the elevation of each pair of observed and randomized sampling curves, and the relative difference in the area under them. The former was assessed with estimates of the mean number of species per sample. Estimates for the area under these curves were determined across the full range of sample sizes. A similar approach has been used previously by Plotkin et al. (2000) to analyze the effects of aggregation on species-area curves for tropical forests. Because species sampling curves are nonlinear and species richness tends to level with sampling effort, we first determined the best-fitting, second-degree polynomial regression equation
) for each curve. The degree to which the average species richness per sample was depressed due to aggregation is DS, where DS ¼ S r À S ob in transect, site, or island samples at site, island, and regional scales of analysis. The quantities S r and S ob were determined by solving the polynomial equations using the mean number of colonies per sample (X ¼ the total number of colonies across all samples divided by the number of samples). The polynomial equations were also integrated and solved for the areas under the sampling curves. The difference in the areas is DA, where DA ¼ A r À A ob . Because the quantities DS and DA varied directly with the numbers of species and colonies sampled, we used the relative measures DS/S r and DA/A r to standardize them for comparisons among differentially rich samples. These proportional deviations from the random expectations increase with the degree of aggregation.
Scale-dependent variation in aggregation was assessed by expanding the spatial extent (referred to below as the scale of analysis) across which samples and colonies were randomized. Samples and colonies in transects were randomized across each site (n ¼ 10 transects), island (n ¼ 40 transects), and region (n ¼ 120 transects). In addition, we pooled transects at each site to generate site samples that were then used to randomize samples and colonies across each island (n ¼ 4 sites) and region (n ¼ 12 sites). Last, we pooled transects on each island to generate island samples and conducted randomizations across each region (n ¼ 3 islands). We avoided pooling and randomizations across habitats, because there is some significant depth-related species segregation and because species abundance distributions vary among habitats (Connolly et al. 2005 ). Consequently, we had three sample unit sizes (transect, site, and island samples) and three progressively larger scales of analysis (sites, islands, and regions) for each habitat. For each of the six combinations of sample unit size and scale of analysis, we used stepwise multiple regression analysis to evaluate the sensitivity of relative aggregation (DA/A r ) and relative depression in species richness per sample (DS/S r ) to four independent variables. These were (1) the total number of colonies across all samples, (2) the total number of species across all samples, (3) the ordered rankings of regions (from west to east), and (4) the ordered rankings of habitats (by relative distance from shore).
RESULTS
Most coral species (230 of 333) exhibited significant aggregation across the 1800 transects (Morisita's indices of dispersion, v 2 . 2001, df ¼ 0.05, 1799). This number of significant results is much higher than expected based on chance alone. More abundant species had disproportionately higher variance (V ) relative to the mean (M) than did less abundant species [V ¼ 5.51M
1.24 , standard error of the exponent ¼ 0.01, R 2 ¼ 97%]. However, abundant species also exhibited wide variation in this index of dispersion (Fig. 1) . Linear regression of the index of dispersion against the abundances of all species explained less than half of the variation (R 2 ¼ 43% when regressed against rank abundance, R 2 ¼ 37% when regressed against log mean abundance). The 77 most abundant coral species (each with .100 sampled colonies) all showed low positive values for the spatial aggregation parameter derived from the negative binomial distribution (k ¼ 0.006 -0.536 over this range of species). Such values are indicative of pronounced aggregation (Pielou 1977) .
The species sampling curves were well described by second degree polynomial equations. Across all sample unit sizes and scales of analysis, .92% of the observed variation in cumulative species richness was explained by these equations (most polynomials explained .99% of the observed variation). For example, observed and randomized curves for 10 transects sampled at a reef crest site in Kimbe Bay, Papua New Guinea are illustrated in Fig. 2 . The polynomial equations for these curves each explained 99.5% of the variation in the average cumulative species richness. It is clear in this example that aggregation reduced both the average species richness per transect (by 37%) and the area under the species sampling curve (by 10%).
Mean relative aggregation (DA/A r ) and mean relative depression in the number of species per sample due to aggregation (DS/S r ) were significantly greater than zero for all sample unit sizes and scales (Table 1) Observed and randomized species sampling curves for ten 10-m line transects at a single reef crest site in Kimbe Bay, Papua New Guinea. The difference in the area under these curves is indicated by DA, an absolute measure of aggregation. The difference in the mean number of species per transect is indicated by DS. In this example, there were 33 species among 325 sampled colonies in all 10 transects, DA ¼ 721, and DS ¼ 5.67. On average, there were 9.8 species and 32.5 colonies per transect. Relative measures of how aggregation influences the area under these sampling curves and the mean species richness per transect were DA/A r ¼ 0.095 (area reduced by 10%) and DS/S r ¼ 0.368 (no. species per transect reduced by 37%). units yielded lower estimates of DA/A r (0.027-0.035) than site (0.065) or island sample units (0.060). Nevertheless, all mean values for DA/A r were small in magnitude. They differed significantly from zero, yet they fell well below values one might expect for extreme aggregation (estimated to be 0.200-0.250). The maximum individual value for DA/A r was 0.188 for four site sample units from reef flats on Tutuila in American Samoa (Fig. 3) . The mean values for DS/S r indicate that aggregation reduced species richness per sample on average by 13-27% (0.129-0.266 in Table 1 ). These means were similar across most sample unit sizes and scales of analysis except for the higher values generated by site samples and analyzed at the regional scale. The maximum individual value for DS/S r was 0.457 for 40 transect sample units, again from the four reef flat locations on Tutuila (Fig. 4) . Aggregation at these sites reduced the average species richness per transect by almost one half and the average species richness per site by more than one third (0.388).
In multiple regressions, the number of species sampled was not a significant predictor of DA/A r or DS/S r regardless of sample unit size or scale of analysis (Tables  2 and 3 ). This result emphasizes the stability of these measures across differentially rich sites, islands, and regions. It is also apparent that these measures tended to be less variable among speciose sites, islands, and regions (Figs. 3 and 4) . As noted above, the maximum individual values came from samples collected on relatively depauperate reef flats in American Samoa. However, minimum values also came from reef flats in the easternmost regions of American Samoa and the Society Islands. The relationship between number of sampled colonies and DA/A r was significant in two of the six regressions (Table 2) . Substituting DS/S r for DA/A r , only one of six regressions was significant (Table 3) . These three cases in the two sets of regressions all used site samples formed by pooling the 10 transects at a site. The regression coefficient in each case was negative, indicating a reduction in the effects of aggregation with increasing numbers of colonies. This effect can be removed in future studies by using comparable numbers of colonies, but our analysis here is based on a balanced design with fixed numbers of transects, resulting in quite variable numbers of colonies ranging from 707 on reef flats in American Samoa to 5537 on reef slopes in the Society Islands.
Both DA/A r and DS/S r were sensitive to regional location, revealed in regressions using transect sample units at the site scale, but not using larger sample unit sizes or scales (Tables 2 and 3 ). In contrast, these relative measures of aggregation were insensitive to habitat ranking. Thus we detected significant spatial variation in the degree of aggregation in coral assemblages at the regional scale, but found no local variation among habitats. This result emphasizes regional differences in the degree of local spatial heterogeneity within sites that are independent of the numbers of species and colonies sampled. The significant regression coefficients for the regional effect on relative aggregation were negative, reflecting an eastward decline in the degree of aggrega- FIG. 4 . Relative depression in species richness per sample (DS/S r ) of corals across all sample unit sizes and scales plotted against the total number of species at each scale. Note: The number of species and habitat ranking were not significant predictors of relative aggregation for any sample unit size or scale of analysis. *P , 0.05; **P , 0.01; *** P , 0.001.
tion. Mean values for DA/A r varied significantly among regions (F 4, 175 ¼ 4.56, P , 0.005) with the largest difference being between Indonesia (0.047) and the Society Islands (0.026) (Fig. 5) . Mean values for DS/S r also varied significantly among regions (F 4, 175 ¼ 3.30, P , 0.02 ) with the largest difference again being between Indonesia (0.159) and the Society Islands (0.094).
DISCUSSION
Our results demonstrate pervasive strong aggregation in coral assemblages at multiple spatial scales. At the broadest scale, most species were aggregated among transect samples across the entire biodiversity gradient (Fig. 1) . At site, island, and regional scales of analysis, there was significant aggregation in coral assemblages (Table 1 ). The relative measure of aggregation (DA/A r ) remained stable when transect and site samples were evaluated at different scales within regions (Fig. 6) . Thus samples at different sites and islands within regions were similar in terms of species composition. However, the mean values for DA/A r among transect samples were approximately half of that for site and island samples. This may be a sampling effect. On average, there were only 23 colonies and 10 species per transect across all habitats and regions (1800 transects) and most species (;65%) were represented by only one to three colonies in the 10 replicate transects per location; 37% of the species were represented by a single colony (Connolly et al. 2005) . Such small numbers of colonies for so many species is likely to have constrained our measures of aggregation by limiting the random placement of colonies of the same species among different transects. This underestimation of aggregation is likely to have been much less severe using pooled samples. On average, there were 231 colonies and 37 species among 10 pooled transects in site samples, and 925 colonies and 74 species among 40 pooled transects in island samples.
Aggregation depressed the average number of species per sample for all sample units at all scales of analysis (Table 1) . On average, the magnitude of this depression was 2-15 species per sample representing 13-27% of the random expectations. At the extreme, values for DS/S r Note: The number of species and habitat ranking were not significant predictors of DS/S r for any sample unit size or scale of analysis.
*P , 0.05; **P , 0.01.
FIG. 5. Mean relative aggregation (695% LSD intervals) of corals among 10 transects at the site scale. Regional codes are 1, Indonesia; 2, Papua New Guinea; 3, the Solomon Islands; 4, American Samoa; and 5, the Society Islands. Three homogeneous groups are: ''a,'' regions 1 and 2; ''b, '' regions 2, 3, and 4; and ''c, '' regions 3, 4, and 5 (Fisher's LSD tests, P , 0.05 reached a maximum depression of 46% per transect and 39% per site on the relatively depauperate reef flats we sampled in American Samoa. This effect emphasizes the need to evaluate local richness across multiple scales within assemblages with significant aggregation. Mean values for DS/S r were relatively stable (0.129-0.178 in Table 1 ) among transect samples at all scales, site samples at the island scale, and island samples at the regional scale. However, DS/S r rose to 0.266 for site samples at the regional scale. This result may be related to a wide variety of environmental and demographic factors that generate variation in species abundance and distribution patterns across these Indo-Pacific sites (e.g., Connolly et al. 2005 , Dornelas et al. 2006 .
Two surprising results emerge from the multiple regressions of DA/A r and DS/S r . First, we found no significant effect of habitat on either measure of aggregation regardless of sample unit size or scale (Tables 2 and 3) . It is well known that species richness varies among reef flat, crest, and slope habitats and that a variety of local environmental factors (e.g., episodic disturbances and exposure to environmental extremes) contribute to this variation (e.g., Connell et al. 2004 , Karlson et al. 2004 . That these same factors did not also contribute to significant differences in coral dispersion among habitats (e.g., due to differential levels of local asexual fission) is unexpected. Second, we did find significant variation among regions in DA/A r and DS/S r using the smallest samples (transects) at the most local, site scale (Tables 2 and 3) . These results suggest that there are regional differences in the local processes operating at this scale (Huston 1999, Karlson and Cornell 2002) . To our knowledge, these results are unique in being detected across a 10 000-km biodiversity gradient, with the largest difference among regional means occurring between Indonesia and the Society Islands. In fact, the highest estimates of the mean DA/A r among transect samples were from Indonesia at all three scales of analysis (0.047 at the site scale and 0.042 at the island and regional scales). Nevertheless, these values were below those for most site and island samples (Fig. 3) , and the regional trend was not significant when one analyzes these larger pooled samples. This may be partially due to the pooling process itself, because it reduces the number of samples and the degrees of freedom associated with the statistical tests. Therefore, more data (particularly at broader spatial scales) and statistical modeling may be needed to understand how the effects of local processes, sampling effort, data pooling, and the scale of analysis may interact to influence regional differences in the degree of aggregation in these assemblages.
Documenting differential levels of aggregation among regional coral faunas and the processes generating them may have important implications for the development of conservation strategies designed to preserve coral reef biodiversity. Assemblages characterized by higher levels of spatial aggregation will require larger Marine Protected Areas to maintain a given level of protection across all species, compared to less aggregated assemblages. In addition, selection of only one or a few species for protection in highly aggregated assemblages would jeopardize a larger proportion of unprotected species. Thus, an improved understanding of the spatial structure of these speciose assemblages is critical for conservation efforts that are based on protecting multiple locations or selected species.
